γ -ray spectroscopy of high-spin states of the neutron-deficient nucleus 189 Pb has been conducted with the 158 Gd( 36 Ar,5n) and 164 Er( 29 Si,4n) reactions. With the first of these, detection of evaporation residues and mass gating were used to unambiguously assign a number of prompt γ -ray transitions to 189 Pb. With the second reaction and a pulsed beam, an isomer with a mean life of 32 µs was found. Although inconclusive, the available evidence favors identification of the isomer with the 33 2 + state of the ν(i 13/2 ) −3 configuration. The levels observed below the isomer can be identified with states involving three different structures: the neutron (i 13/2 ) −3 multiplet in the spherical well; a prolate-deformed band involving mixed i 13/2 neutron orbitals; and a state with the oblate π (2p-2h) 0 + ⊗ ν(i 13/2 ) −1 configuration. The evidence for structures associated with different shapes is supported by the observation of E0 components in some of the J π → J π transitions linking them.
I. INTRODUCTION
Shape coexistence in the neutron-deficient, even-mass isotopes of lead is a well-established and much-studied phenomenon. The first indications of prolate-deformed, rotational bands at low excitation in these nuclei were found about a decade ago in the isotopes 186 Pb [1, 2] and 188 Pb [1] . In both cases, the main feature of the yrast levels at low energy was a single band with rotationlike spacing for the third and higher excited levels. Its similarity to the well-established, yrast, prolate band observed in the corresponding isotones 184 Hg [3, 4] and 186 Hg [3, 5] was taken as evidence for prolate deformation, confirming early theoretical predictions [6] [7] [8] that a prolate minimum in the potential well for Pb nuclei should decrease in energy with decreasing neutron number N, relative to the spherical ground state, reaching a minimum near N = 104.
A subsequent study of the α decay of 190 Po [9] found evidence for two excited 0 + states in 186 Pb at 532 and 650 keV, and these have been associated with bandheads in prolate and oblate potential minima, respectively. In 188 Pb, as well as the likely prolate yrast band, shape coexistence is revealed [10, 11] isomers, there is a candidate for the prolate band although it is located several hundred keV higher in excitation than in 188 Pb and it is not yrast. The experimental evidence for coexisting spherical, oblate, and prolate structures in the even-mass, neutron-deficient lead isotopes has been supported by recent theoretical studies [13] [14] [15] [16] . * Electronic address: a.baxter@anu.edu.au
In the neutron-deficient, odd-mass lead isotopes, evidence for shape coexistence has been found mainly in radioactive decay studies. For example, strong E0 components have been observed in transitions between certain states in 195 Pb (Griffin et al. [17] ) and 197 Pb (Vanhorenbeeck et al. [18] ) following β decay of the corresponding bismuth isotopes. These states have been identified with members of multiplets formed from weak coupling of an odd i 13/2 neutron to spherical, or deformedintruder, 0 + and 2 + states in the neighboring even-mass core. Studies of α decay of polonium isotopes have yielded similar results. Andreyev et al. [19] studied fine structure in the α decay of 191 Po and deduced several excited states in 187 Pb. From a combination of experimental limits on the spins and parities and expectations from theoretical calculations, they speculated that one of them, at 494-keV excitation relative to the 13 2 + isomer, is the bandhead of an oblate intruder band and another, at 472 keV, is the bandhead of a prolate 9 2 + [624] band.
In similar α-decay fine-structure measurements Van de Vel et al. [20] identified levels in 189−193 Pb that they interpreted as oblate intruder states. In particular, they found two such levels in 189 Pb: a 3 2 − state 549 keV above the ground state and a 13 2 + state 637 keV above the 13 
2
+ isomer.
In-beam studies have so far yielded little additional evidence for shape coexistence in the very-neutron-deficient odd-mass isotopes. While this is no doubt due largely to the lack of data on odd-mass isotopes with A < 191, it may be more difficult, because of their greater complexity, to identify well-deformed prolate structures in the odd-mass isotopes than in their even-mass neighbors. In 193 Pb, the properties of high-spin states have been studied by several groups [21] [22] [23] [24] [25] [26] . However, apart from superdeformed bands, the only evidence for significant deformation is in states, such as a J π =
− isomer, that are attributed to the coupling of one or three rotation-aligned quasineutrons to the oblate 11 − , two-quasiproton excitation in the neighboring, even-A isotope. The level sequences built on these states are dipole bands which have been associated with the so-called shears mechanism (see, e.g., [27] ) rather than with simple rotation. Level schemes for 191 Pb have been presented by Fotiades et al. [28] and Lagrange et al. [29] and have been largely confirmed and extended by recent work in this laboratory [30] . The observed high-spin structures in 191 Pb are similar to those seen in 193 Pb and heavier, odd-mass isotopes, with little evidence of collective behavior. In 187 Pb, a single cascade of γ rays has been observed [31] , terminating at the low-lying 13 2 + isomer; systematic trends in heavier Pb isotopes suggest that the levels concerned arise from the weak coupling of an i 13/2 neutron hole to the yrast states in the spherical potential minimum of the neighboring even-A core.
The principal aim of the present work was to investigate whether 189 Pb exhibits evidence for shape coexistence like that seen in 186 Pb, 188 Pb, and 190 Pb. The key indication would be competition from well-defined prolate structures, such as those seen in the isotone 187 Hg [32] , with the spherical and weakly deformed oblate states that are ubiquitous in the heavier oddmass isotopes. The study of very neutron-deficient nuclei such as 189 Pb by fusion-evaporation reactions is experimentally challenging owing to the severe competition from fission and the fragmented nature of the decays. To help overcome these difficulties, a variety of techniques was employed, including detection of prompt decays in coincidence with evaporation residues to give definitive mass identification and, in separate experiments, pulsed-beam measurements that led to identification of a long-lived isomer and excited states in its decay paths.
II. EXPERIMENTAL METHODS
For the study of prompt decays of 189 Pb, excited levels were populated by bombarding a 158 Gd target with 178-MeV 36 Ar ions from the ATLAS superconducting, linear accelerator at the Argonne National Laboratory. The target was a selfsupporting metallic foil, 0.43-mg/cm 2 thick, enriched to 92.9% in 158 Gd. The Argonne fragment mass analyzer (FMA) was set at 0
• to the beam to accept evaporation residues recoiling from the target, and γ radiation was detected by 10 Comptonsuppressed germanium detectors, of the Argonne-Notre Dame bismuth germanate γ -ray facility, placed around the target.
The FMA (Davids et al. [33] ) is a recoil mass spectrometer that produces dispersion in the mass/charge ratio of the reaction products. Recoiling ions that reached the focal plane were detected by a parallel-grid avalanche counter (PGAC), of 15 by 5 cm active area, which produced energy loss ( E) and focal-plane-position signals. Other experimental details concerning the FMA, as it was used in this experiment, may be found in Ref. [2] . Singles γ -ray spectra and γ -γ -coincidence data were acquired, gated in both cases by recoils.
For the study of isomers and their decays, high-spin states in 189 Pb were populated by bombarding a target of 164 Er with 140-MeV 29 Si beams from the 14UD Pelletron accelerator at the Australian National University. The target was a self-supporting metallic foil, 2.5-mg/cm 2 After an initial exploration of the µs region using a variety of chopped beam conditions, lifetimes of longer-lived isomers were measured with the 29 Si beam pulsed with on/off periods of 32 and 160 µs, respectively. The time of detection of a γ ray in any of the detectors was measured with a 4-MHz digital clock, which was reset in synchronization with the pulsing period. To establish the decay scheme below long-lived isomers, the beam pulsing periods were changed to 2.1 µs on and 17.1 µs off, and γ -γ -time coincidence data were acquired only during the beam-off period. Time relationships between γ rays were determined from fast time-to-digital converters (TDCs) associated with each detector.
Additional data on 189 Pb have recently become available in a study [11] of 188 Pb in which 189 Pb was produced as a contaminant. These data provided independent confirmation of some of the present results.
III. DATA ANALYSIS AND RESULTS
The level scheme of 189 Pb deduced in this work is shown in Fig. 1 ; it incorporates the results from both the in-beam and out-of-beam measurements. Transition energies, relative intensities, and level assignments are also listed in Table I .
A. Mass-gated recoil-γ and recoil-γ -γ data
The mass spectrum of recoil ions detected at the focal plane of the FMA is presented in Fig. 2 . The electric and magnetic fields of the FMA were set so that the two most abundant charge states (Q = 18 and 19) of mass-189 ions both fitted within the acceptance aperture of the PGAC at the focal plane.
The spectrum in Fig. 2 was obtained by projecting onto the position axis a matrix of position in the PGAC vs E γ corrected for Doppler shifts. It was required that the transit time of the ions through the FMA and the E pulse from the PGAC both corresponded to evaporation residues; events involving fission or Coulomb excitation were thereby rejected. The mass resolving power M/ M in the spectrum (Fig. 2) is approximately 250 and is sufficient to distinguish peaks corresponding to adjacent mass values.
The spectrum shown in Fig. 3 is a sum of projections on the E γ axis of the position vs E γ matrix, with gates on the two mass-189 peaks in the position spectrum (Fig. 2) . Most of the strong peaks in the mass-gated γ -ray spectrum can be identified with known transitions in 189 Tl [34] and with x rays from lead, thallium, and gadolinium. (The Gd x rays presumably arise from coincidences with beam particles scattered through the FMA and from random coincidences.) As will be discussed below, several of the remaining peaks can be unambiguously assigned to 189 Pb on the evidence of their coincidences with one another and with lead x rays. Figure 4 shows a composite spectrum of γ rays attributed to 189 Pb, obtained from the mass-gated γ -γ -coincidence data. isomer. The widths of the arrows indicate the relative γ -ray intensities. As explained in the text, many of the spin and parity assignments are based on complex arguments and should be regarded as tentative.
The coincident Pb x rays identify the atomic number of the emitting nuclei. The 468-, 538-, 611-and 819-keV lines are all in coincidence with one another and therefore form a cascade as shown in the level scheme (Fig. 1 ). The 611-keV peak in the composite spectrum (Fig. 4 ) is broader than its neighbors; however, this broadening appears only in the spectrum gated by 819-keV γ rays. There is either a second prompt transition with energy near 611 keV that feeds the 819-keV level, or a contaminant from another nuclide in the 819-keV gate. The 811-keV line is seen weakly but clearly in the mass-gated spectra in coincidence with the 468-and 819-keV γ rays, while the spectrum in coincidence with 811-keV γ rays shows only lines at 142, 468, and 819 keV as well as Pb x rays. The 666-keV line is seen weakly in the mass-gated spectra in coincidence with 819-, 468-, and 538-keV γ rays and very weakly in the 611-keV gate. The ordering of the 611-and 666-keV transitions is based on their relative intensities. The 530-426-1142-keV and 390-911-keV sequences shown in Fig. 1 also appeared very weakly in the mass-gated γ -γ data. Two prominent lines, at 264 and 854 keV, that were in coincidence with mass-189 recoils ( Fig. 3) could not definitely be assigned to a particular nuclide. The 264-keV γ rays were found, in the recoil-γ -γ data, to be in coincidence with weak Pb x rays and with lines at 279, 394, and 602 keV. However, they showed no coincidence relationship with any of the 189 Pb γ rays identified in the present work. These γ rays may be prompt transitions feeding the 32-µs isomer identified in the delayed-γ data. (Transitions with energies near 264 keV have been reported in 189 Au and 190 Hg; however, the coincidence relationships expected in these cases do not correspond to those seen here.) The 854-keV peak, seen in the composite spectrum (Fig. 4) , appears only in the coincidence gate on the 468-keV line. In the spectrum gated by 854-keV γ rays, a 470-keV line is seen close to but definitely higher in energy than the 468-keV transition in 189 Pb. Coincident x rays, although weak, suggest the 854-keV γ rays are from Tl; however, no such transition in 189 Tl has been reported in previous work on this nucleus [34] . An 853.4 keV line has been reported in 189 Hg, but no correlation with a 470-keV line was observed.
The angular distributions of the 189 Pb γ rays in the recoil-γ data were isotropic within statistical uncertainties, presumably because of vacuum deorientation, so it was not possible to obtain any information on spins from these data. On the basis of systematic trends, it is assumed that the lowest level shown in Fig. 1 is the low-lying 13 2 + isomer observed (e.g., Ref. [21] ) in the heavier, odd-mass, lead isotopes and, also from these trends, its excitation energy is expected to be about 100 keV. However, since this excitation is not known, the excitation energies of levels in Fig. 1 and the following discussion are all given relative to this 13 2 + isomer. The spins and parities assigned to higher levels in Fig. 1 are based on the arguments presented below.
B. Search for isomers in 189 Pb
As described earlier, a search for isomers in 189 Pb was conducted by bombarding a lead-backed, 164 Er target with a pulsed beam of 140-MeV 29 Si ions. In the spectra of γ rays emitted between beam pulses, the 468-, 811-and 054302-3 819-keV γ -ray lines were all found to exhibit a mean life of approximately 30 µs; the time spectra corresponding to the 468-and 819-keV transitions, projected from the γ -ray energytime matrix, are presented in Fig. 5 . (Throughout the present work lifetimes of states are given as mean lives rather than half-lives.) These decay curves could be fitted with a single exponential decay function and a flat component independent of time over the range concerned. Projections of γ -ray spectra corresponding to consecutive bins on the time axis showed that the lines associated with the flat component had energies slightly different from those of the exponentially decaying component. It is therefore likely that the flat component arises from very long-lived products of β decay, justifying the inclusion of a constant component in the fit, although its magnitude is uncertain. The mean lives deduced from best fits to the data were 34 ± 4 and 30 ± 3 µs for the 468-and 819-keV transitions, respectively; these were obtained while allowing the constant component to be adjusted in the fit. If the constant component is set to zero, the lifetimes obtained are 50 and 45 µs, respectively. From these considerations, the value adopted for the mean life from these fits is 32 +10 −2 µs. Because of contamination of the γ -ray gates, it was very difficult to obtain satisfactory time spectra for other 189 Pb transitions. The 811-keV line also showed a lifetime of approximately 30 µs, but there was a large constant component, presumably from contamination with radiation from β-decay products. The other strong lines were contaminated by transitions in other nuclei, notably 190 Pb. The delayed-γ -γ -time coincidence data were sorted to measure time relationships between members of the stronger cascades in the decay scheme. No evidence was found for significant lifetimes for any of the intermediate levels and, in particular, the following upper limits on the mean lives of certain of these levels were obtained from TDC differences: 1142-keV level, <10 ns; 1287, <3 ns; 1568, <4 ns; and 2098, <3 ns. 
C. Decay of the 32-µs isomer
The decay scheme below the 32-µs isomer in 189 Pb was deduced from the γ -γ -coincidence data acquired between beam pulses separated by 17.1 µs (the delayed-γ -γ data). A 4096 × 4096 channel matrix was constructed from those events from the six Compton-suppressed germanium detectors in which the two γ -rays were detected within ±120 ns of each other. Background-subtracted spectra, with gates on individual γ -ray lines, were projected from this matrix and used to determine the coincidence relationships between transitions. Examples of these spectra are shown in Fig. 6 , and the level scheme deduced from the delayed-γ -γ and lifetime data, as well as the prompt, mass-gated, γ -γ data discussed earlier, is given in Fig. 1 . The ordering of transitions is determined by coincidence relationships and relative intensities. In the absence of angular distribution information, assignments of level spins and parities were based on systematic trends in neighboring isotopes and isotones, total internal conversion coefficients deduced from intensity balances below the isomer, and reasonable limits on transition strengths of certain multipolarities deduced from the lifetime of the isomer and the measured upper limits on the lifetimes of some other levels. In Fig. 7 An attempt was made to measure directly internal conversion coefficients for some of the stronger transitions, but this was not successful because of the small cross section for producing 189 Pb and the complexity of the singles spectra for electrons and γ rays. However, it was possible to infer total conversion coefficients for some transitions from intensity balance considerations in some cascades below the isomer. The results of significance for determining spins and parities are summarized in Table II spectra and may differ slightly from those implied by the intensities in Table I . Application of the requirements of intensity balance to the 272-keV transition depopulating the 2098-keV level leads to a total conversion coefficient of 1.50 (20) . This significantly exceeds the theoretical values α T (M1) = 0.56 and α T (E2) = 0.16 [38] , implying an E0 component and hence a J π → J π transition. Adopting the assignment, from systematics,
+ to the 1825-keV level, we conclude that the 2098-keV level also has J π =
2
+ . Similarly the total conversion coefficient for the 324-keV transition is found, from intensity balance, to be 1.5 (5) . Comparison of this with the theoretical conversion coefficients [38] for M1 and E2 multipolarities (0.35 and 0.092, respectively) strongly suggests that the 324-keV transition has a significant E0 component, and we therefore assign J π =
+ to the 1142-keV level.
Very weak 504-and 637-keV γ rays were observed in the 426-and 530-keV gates of the delayed-γ -γ data. The 637-keV (35) line is identified with a transition of the same energy observed by Van de Vel et al. [20] following the α decay of 193 Po. From α-particle energies and α-γ coincidences, they placed this transition as the decay to the long-lived 13 2 + isomer in 189 Pb of an excited state, 637 keV above the isomer. They also measured the total conversion coefficient for this transition as α T = 1.1(4), indicating a significant E0 contribution to the 637-keV transition, and hence that the 637-keV level also has J π =
+ . We find, from intensity balance, α T (637) = 0.40 (35) , consistent with the conclusion of Van de Vel et al. [20] that the transition has an E0 component. A very weak 637-keV γ -ray line is also observed in the prompt recoil-γ -γ data in coincidence with 426-keV γ rays. From coincidence relationships and energy sums, we place the observed 504-keV γ ray as a transition between the 1142-and 638-keV levels. The upper limits on the lifetimes of the 1568-and 2098-keV levels and the requirements of reasonable transition strengths limit the possible multipolarities of the 530-and 426-keV transitions to E1, M1, or E2. From these results and the assignments of + to the 1568-keV level.
A third decay path from the 2098-keV level to the 13 2 + isomer occurs via the levels (see Fig. 1 ) at 1773, 1300, and 911 keV. The transitions involved are weak and, in the case of the 325-and 473-keV lines, only slightly above the sensitivity limits of the present experiment. Their locations in the scheme are confirmed by a recent experiment [11] , although in neither case could the ordering of the 325-and 473-keV transitions be determined. The order chosen is consistent with the 1773-keV level being a member of a rotational band as discussed below. The part of the level scheme of 189 Pb involving the levels at 911-, 1300-, and 1773-keV excitation and transitions between these and other levels are compared in Fig. 8 which depend upon the structure of the bands, can be compared for two cases, the Table I ) are λ( 
D. Spin and parity of the 2435-keV level
The 2435-keV level in 189 Pb is the highest-lying level seen in the delayed-γ data, which suggests it may be isomeric, and its principal decays are to 25 2 + levels at 1825 and 2098 keV.
Weak 142-and 194-keV lines are placed in cascade, in parallel with the 337-keV transition, between the 2435-and 2098-keV levels. Their ordering is determined by the observation of the 142-keV line, but not the 194-keV line, in the prompt decay data. The systematics shown in Fig. 7 + to the 2435-keV level, as shown in Fig. 1 . Note also that since the 337-and 609-keV transitions depopulate the same level at 2435 keV, the 2436-keV state deduced from the prompt decays must be a different level, despite the close similarity of their excitation energies; if they were the same, one would expect to see 337-keV γ rays in the prompt γ -γ coincidence data (Fig. 4) , and no such line was observed.
IV. DISCUSSION
While some of the deductions leading to the level scheme of Fig. 1 As discussed in the preceding section, the level at 638-keV excitation observed in the present work is identified with an excited 13 2 + level at that excitation seen by Van de Vel et al. [20] in the α decay of 193 Po. Based mainly upon the similarity of the trend of the excitation energies of the excited 13 
2
+ states in 189−197 Pb to that of the oblate, 0 + , intruder states in the even-mass neighbors, these authors interpret the excited 13 2 + states as resulting from the coupling of an odd i 13/2 neutron to the 0 + bandhead of the oblate π (2p-2h) excitation in the even-mass core. They find that this interpretation is supported by potential-energy-surface calculations which predict an oblate minimum at a deformation of β 2 ≈ 0.18, γ ≈ −60
• . In the present work, the excited There is, however, some signature splitting, indicating K mixing; so, following Lane et al. [40] , we refer to it as a mixed i 13/2 neutron band.
In Fig. 9 , the excitation energies of the two level sequences, with the rotational energy 9.6J (J + 1) keV subtracted, are plotted against J (J + 1). Comparison of the two lends further support to the proposition that they have a common structural origin. They have similar moments of inertia, and signature splitting is present in both cases. The sign of the signature splitting in the low-spin region is the same, although the bands in 189 Pb do not appear to show the change in sign seen in 187 Hg. In any case, both bands may be distorted in the low-spin region by interference from other bands: the decoupled, oblate band in 187 Hg; and the yrast spherical states in 189 Pb.
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Excitation energy (keV) In both cases, the excitation energies are relative to a lowlying 13 2 + isomer which, in 187 Hg, is the bandhead of the oblate band, whereas, in 189 Pb, it is the lowest such state in the spherical potential minimum. If, instead, the 189 Pb energies were to be taken relative to the oblate 13 2 + level at 638 keV, the 189 Pb levels in Fig. 9 would fall about 250 keV below the 187 Hg band. This suggests that the difference between the prolate and oblate potential minima in 189 Pb is about 250 keV less than it is in 187 Hg. This is probably due mostly to the influence of the additional pair of protons in 189 Pb which, for oblate deformation, are likely to lead to a significantly higher energy for the oblate 13 2 + state in this nucleus.
The indications of significant E0 components (Table II) in the 272-and 324-keV transitions in 187 Pb provide further support for the interpretation of the level scheme in terms of structures associated with different shapes. Such E0 components can only occur (see, e.g., [41] ) if the states concerned are mixed and have different deformations. The excitation energies are sufficiently close for significant mixing to be plausible and the evidence from systematics suggests that these two transitions are between structures in the prolate and spherical wells.
V. CONCLUSION
To summarize, the present work reports a study, both in-beam and out-of-beam, of the high-spin states of 189 Pb. The level scheme is dominated by a 32-µs isomer from which there is a complex pattern of decay paths to a verylong-lived 13 2 + isomer expected to lie about 100 keV above the low-spin ground state. The 32-µs isomer is probably the 33 
2
+ member of the ν(i 13/2 ) −3 multiplet although it is not directly observed. Comparison of the properties of the levels below the isomer with those of neighboring isotopes and isotones reveals evidence for three structures: yrast states arising primarily from the ν(i 13/2 ) −3 multiplet in the spherical potential minimum; an excited 13 2 + level from the coupling of an odd i 13/2 neutron to the oblate [π (2p − 2h)] 0 + state in the even-mass core; and a strongly coupled, mixed i 13/2 neutron band at prolate deformation.
